We demonstrate an efficient terahertz (THz) detector based on an optical hybrid cavity, which consists of an optically thin photoconductive layer between a distributed Bragg reflector (DBR) and an array of electrically isolated nanoantennas. Using a combination of numerical simulations and optical experiments, we find a hybrid cavity design which absorbs >75% of incident light with a 50 nm photoconductive layer. By integrating this optical hybrid cavity design into a THz detector, we see enhanced detection sensitivity at the operation wavelength (~815 nm) over designs which do not include the nanoantenna array.
INTRODUCTION
A significant technological challenge in the terahertz (THz) frequency range is the development of efficient nanoscale THz detectors. The efficiency of photoconductive (PC) THz detectors based on low temperature grown (LT) GaAs is limited by the bulk material properties: the mean free path of photo-excited carriers, and the optical absorption length. A popular method to mitigate the material limitations is to modify the photoconductive antenna to incorporate plasmonic nano-electrodes [1] [2] [3] [4] [5] [6] . These electrodes support an optical plasmon resonance, which strongly localizes the generation of electron-hole pairs to the vicinity of the nano-electrodes. This modification means that when a THz field is present, significantly more carriers can reach an electrode before recombining within the semiconductor. However, the close spacing of the electrically connected nano-electrodes may lead to increased dark noise.
One alternative is to use a photonic structure to trap light within an optically thin semiconductor layer, a method utilized previously for photovoltaics [7] [8] [9] [10] . A structure for THz detection, known as an optical hybrid cavity is shown in Fig. 1(a) 11 . Here, an optically thin photoconductive layer of LT-GaAs is sandwiched between a DBR and a Gold nanoantenna array, which is electrically isolated from the photoconductive layer with a 15 nm thick layer of Al 2 O 3 . This prevents the nanoantennas interacting with the electrical properties of the device. Details of the fabrication process can be found in 12 .
The operation of the device is as follows: infra-red (IR) light (λ=800 nm) excites a dipolar resonance in the nanoantennas, which scatter the light into the photoconductive layer. Photons which escape the photoconductive layer are reflected back by the DBR, forming a cavity mode similar to an optical microcavity within the photoconductive layer 11 . The DBR was designed using 5 pairs of alternating 60 nm Al 0:55 Ga 0:45 As (n=3.25 at 800nm) and 55 nm GaAs (n=2.68 at 800 nm) layers, resulting in a stop band centered near 810 nm. 
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In this work, we vary several critical parameters of the hybrid cavity design: The thickness of the photoconductive layer L GaAs , the periodicity of the nanoantenna array a and b, and the size the individual nanoantennas L a and L b . These parameters are shown in Fig. 1(b) . shows optical reflectivity and transmission spectra for the hybrid cavity, where (a) are numerical spectra calculated using the finite-difference time-domain (FDTD) method 13 , and (b) are experimental reflectivity spectra. Transmission (T) and reflectivity (R) spectra are evaluated throughout this chapter to ease comparison between experimental and numerical measurements. Where device absorption is required, this is approximated as 1 − + . As can be seen Fig. 2 , without the nanoantennas, the structure behaves identically to a DBR, with a stop-band centered at 800 nm (black dashed line). When the nanoantenna array is introduced, the reflectivity (solid black line) reduces to <10% at ~810 nm, whilst transmission through the device remains low. This reflectivity suppression clearly indicates the presence of the hybrid cavity mode discussed above. 
THICKNESS OF THE PHOTOCONDUCTIVE LAYER
We first consider the photoconductive layer thickness, L GaAs . Figure 3 shows reflectivity (a) and absorption spectra (b) for varying L GaAs thickness. Three zones of high absorption are visible, with maxima between 800 and 810 nm for L GaAs = 270, 160 and 50 nm. This effect can be understood by considering the field distribution of the cavity mode, depicted in Fig. 1(b) . When L GaAs is varied, the wavelength of the mode supported by the hybrid cavity also varies. The resonance within the hybrid cavity can be approximated with the k-vector condition:
Here, m r is a half integer multiple representing the mode order of resonance in the cavity, n GaAs is the refractive index of the photoconductive layer, m DBR is the number of DBR pairs of thickness L DBR , and n DBR is the averaged refractive index of the DBR. This k-vector condition is plotted in Fig. 3(b) for m r = 5.5, 6.5, and 7.5. Within the DBR stopband (750-875 nm), this k-vector condition coincides with the absorption peak, confirming the hybrid cavity mode is excited. From this k-vector condition, it is possible to express the optimum thickness of the hybrid cavity: = + / , where N = 0, 1, 2.... 
PERIODICITY OF THE NANOANTENNA ARRAY
The second parameter investigated is the periodicity of the nanoantenna array a and b (Fig. 1(b) ), as it was suggested 11 that the periodicity could affect the coupling of light into the hybrid cavity. A number of hybrid cavity structures were fabricated to investigate this. Figure 4 (a) shows scanning electron microscope (SEM) images of nanoantenna arrays with periodicities b = 350 nm and 450 nm (a = 250 nm). Figure 4 (b) and (c) show numerically calculated absorption spectra for varying periodicity b and a, respectively. What is interesting here is there is practically no change in the position or maximum absorption of the hybrid cavity mode for a wide range of periodicities. Only at large periodicities, larger than the effective wavelength (λ = n GaAs ) does the spectrum significantly change. This behavior is similar to that seen in the context of photovoltaics by Munday et al. 14 
Figure 4(d)
and (e) show the wavelength and peak absorption for the cavity mode respectively for different nanoantenna array periodicities. For smaller k-vector (large periodicities) the center wavelength of the mode shifts significantly, which indicates the presence of multiple modes. For larger k, where + > , the mode is significantly more stable, and shifts by only ~15 nm across the range of periodicities simulated. Therefore, the range of periodicities where the hybrid cavity mode is supported can be approximately expressed as
Figure 4(f) shows experimental reflectivity measurements confirming the stability of the hybrid cavity mode across a range of periodicities. 
SIZE OF THE NANOANTENNAS
The final parameter of interest in optimizing the hybrid cavity structure is the size of the individual nanoantennas. Figure 5 (a) shows numerically calculated reflectivity spectra for nanoantenna lengths L a = 70-110 nm. The location of minimum reflectivity is seen to shift to longer wavelengths for increasing nanoantenna length, as would be expected for a dipole antenna 15 . Experimental verification was provided by altering the electron beam dosage during fabrication, which has the effect of altering the nanoantenna size, and can be seen in the SEM in Fig. 5(b) for electron beam doses 450 μC/cm 2 and 650 μC=cm 2 .
Figure 5(c) shows experimental reflectivity measurements for the electron beam doses shown in the SEM images, plus 550 μC/cm 2 . This effect of nanoantenna size can be explained intuitively by considering the phase of light reflected from the hybrid cavity. We can consider light reflected from the hybrid cavity consist of two components: reflections form the nanoantenna array, and reflection from the DBR. While the phase of light reflected by the DBR remains approximately constant across the stopband, the phase of light reflected by the nanoantennas shifts significantly across the nanoantenna resonance. Therefore, by altering the length (L a ) of the nanoantennas, their resonance can be tuned such that light 
TERAHERTZ CHARACTERISATION
To evaluate the performance of the hybrid cavity design for THz detection, the hybrid cavity design was integrated into a photoconductive THz detector. For comparison, an identical photoconductive antenna was fabricated without the nanoantenna array. Figure 6 (a) shows THz waveforms, generated with a ZnTe crystal in a THz time-domain spectroscopy (TDS) system (the experimental configuration is inset), and measured with (red) and without (black) the nanoantenna array. The IR pulse from the Ti:Sapphire laser is tuned to 815 nm. In both cases the shape and spectrum ( Fig. 6 (a) and 6(c)) of the pulse is the same, with the peak photocurrent higher when the nanoantenna array is present. Figure 6 (b) shows the performance of the hybrid cavity THz detector when the wavelength of the IR gate pulse is varied. In this experiment, a THz detector consisting of a 1 μm thick layer of InAs on a 30 μm layer of GaAs replaces the ZnTe crystal to prevent the THz beam becoming misaligned as the wavelength of the IR gate pulse is varied. Relative to the detector without the nanoantenna array, the sensitivity of the hybrid cavity detector is enhanced by 17% at 815 nm. 
CONCLUSIONS
We have analyzed the performance of the hybrid cavity design when three device parameters are varied: The thickness of the photoconductive layer, the periodicity of the nanoantenna array, and the individual nanoantenna length. We found the thickness of the photoconductive layer was of critical importance, as the hybrid cavity mode is only supported when L GaAs = 50, 160 and 270 nm. While the periodicity does not significantly affect the device performance, the length of the individual nanoantennas does. This must be chosen such that light reflected by the nanoantennas destructively interferes with light reflected by the DBR. THz characterization shows the nanoantennas do improve device performance at the operation wavelength (~815 nm).
